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Abstract 
Theoretical and experimental study of influence of quadratic Zeeman effect on the structure of double radio-optical resonance is 
presented. A specific transition in 87Rb atom is considered in the case of excitation with linearly polarized laser radiation and 
detection of the signal at the second harmonic of the AC magnetic field frequency. It is shown, that for small magnetic fields the 
magnetic resonance consists of a solitary line similarly to resonance in potassium [1]. However, for magnetic fields greater than 
50 ȝT the line acquires two additional side-peaks without breaking its symmetry and changingposition of resonance center.  The 
described scheme can be used in magnetometry. 
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1. Theory 
Optically pumped quantum magnetometers attract significant interest since their applications spread from 
fundamental physics and metrology to industry, mineral exploration, applied medicine etc. 
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The key element of standard devices is a cell with a vapor of alkali atoms having a degenerate ground state and 
interacting with an external constant magnetic field. We consider the following field geometry: external magnetic 
field B is directed along the z axis, resonant laser beam Ecos(kr-Ȧlt) is polarized along the y axis and radiofrequency 
magnetic field Brf cos(Ȧrft) is directed along the x axis. The external magnetic field to be measured leads to linear 
ƫȦB ~ B and quadratic ƫȦB2 ~ B2 Zeeman shifts of the ground state sublevels. Radiofrequency field has a small 
detuning į = Ȧrf – ȦB with respect to the frequency of linear Zeeman splitting and induces resonant transitions 
between neighboring magnetic sublevels. Laser field plays a dual role. First of all it optically pumps atoms into 
nonequilibrium distribution of ground state populations. Under this conditions the rf field not only changes sublevel 
populations but produces coherences (nondiagonal density matrix elements) between sublevels oscillating at 
frequencies multiple to Ȧrf. Secondly, the laser beam acts as a probe field which absorption is controlled by the rf 
field. 
This double radio-optical resonance is detected as a resonance structure of the light absorption in the cell while 
scanning Ȧrf frequency. 
We are interested in the oscillating part of the light absorption coefficient. It is determined by nondiagonal 
elements of density matrix, which contribute to the population of exited state. 
We consider simple optical transition Fg = 1 ĺ Fe = 1 corresponding to D1-line of 87Rb. Frequency Ȧl of the laser 
light is supposed to be close to the frequency Ȧo of optical transition for atom at rest. 
We work with orthogonal fields geometry, where polarization of the laser light E is orthogonal to B and direction 
of constant magnetic field is chosen as the quantization axis. Therefore the laser light induces optical transitions 
solely with change of momentum projection and only coherence between the extreme sublevels of the ground state 
contributes to the population of exited state. This coherence oscillates at 2Ȧrf frequency, hence only the second 
harmonic of absorption coefficient is revealed. 
It should be noted that the ground state with Fg = 1 has only one two-quantum rf resonance between extreme 
sublevels m= ±1. This resonance is not affected by quadratic Zeeman splitting. The solitary line in considered case 
is advantageous over widely used 133Cs optically pumped quantum magnetometers. Two hyperfine components of 
cesium have moment F=3 and 4.Therefore the signal at 2Ȧrf  frequency is determined by group of superposed 
resonances, which rather complicates a handling of the measurement results. 
Optical Bloch equations for density matrix of atom in the fields of mentioned above geometry are used for 
calculation of the absorption coefficient. 
Some characteristic parameters are present in the equations in addition to frequencies Ȧrf, ȦB, ȦB2 constant Ȗ of 
spontaneous decay; Rabi frequencies of different electro-dipole transitions between sublevels of ground and exited 
states, which are proportional to =dE/2ƫ Rabi frequency rf=gμBrf/2ƫ of magneto-dipole transitions between the 
neighboring sublevels of the ground state. Collisions with buffer gas or with AR-coated walls lead to relaxation of 
ground state density matrix elements. These processes are described by phenomenological constants Ƚ, Ƚ1  and Ƚ2 
for populations, coherences between neighboring- and extreme sublevels, respectively. 
For ultimate simplification of equations we assume the following hierarchy of characteristic parameters: 
rf ~ 2/Ȗ     ȦB2~ Ƚ, Ƚ1, Ƚ2     ȦB ~ Ȗ  (1) 
In this case the influence of the laser light leads only to appearance of population differences of the ground state 
sublevels: 
ȡ11 –ȡ00 = ȡ -1-1 – ȡ00 =SȖ/3Ƚ  (2) 
where 2 2 2[ ( ) / 4]S v γ= Ω Δ +  is saturation parameter of the laser light, and 0( ) lv kvω ωΔ = − −
GG
 is detuning with 
Doppler shift taken into account. Differences of populations play role of sources for nondiagonal density matrix 
elements. We note that sources for another momentum values of the exited state ( 0
e
F =  and 2)
e
F = differ from (2) 
only by numerical coefficients. 
Second harmonic of absorption coefficient is determined by expression 
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The brackets describe here averaging over the velocity of atoms, and complex amplitude A  of the second 
harmonic is given by 
2
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2
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  (4) 
The detunings 2Bδ δ ω± = ±  take into account quadratic Zeeman effect which breaks the equidistance of energy 
intervals between neighboring sublevels of the ground state. However, the interval between the extreme sublevels of 
the ground state is not changed. The resonances shifted by quadratic Zeeman effect (in the vicinity of the points 
0)δ± =  are described by two terms in the round brackets of expression (4). The widths of these resonances are 
determined by relaxation constant 1.Γ  Non-shifted two-quantum resonance in the region 0δ   has width 
determined by relaxation constant 2.Γ  This resonance has an interesting feature. Equation (4) shows that two-
quantum resonance drops out in the case 1 2 / 2Γ = Γ . It means that function A which depends only on 
2
,δ  in the 
vicinity of the point 0δ = has either a peak or a dip, which is determined by the relation between relaxation 
constants 1Γ and 2Γ . It is clear, that three-peak structure of resonance appears when 2 1 2, .Bω > Γ Γ  In the opposite 
case resonances are unresolved and form a solitary lorentzian. 
The resolved A  structure as a function of  δ  is shown on the Fig. 1.  
 
 
Fig. 1.Three-peak structure of the second harmonic amplitude A  in units ( )2/rfΩ Γ  for the following set of parameters: ,1 2Γ = Γ = Γ  
2 5 .Bω = Γ  
2. Experiment 
The experimental setup is shown on Fig. 2. An extended cavity diode laser was a source of monochromatic and 
tunable radiation resonant to D1-line of Rb. A part of radiation was split off and directed to the DAVLL frequency 
stabilization system (not shown) which locked the laser frequency to the 1 1g eF F= =R  transition. The 
experiment was carried out with a glass cylindrical cell (18×18 mm2) containing an isotope of 87Rb.  
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Fig. 2. Experimental setup. 
 
Fig. 3. Second harmonic amplitude for different values of constant magnetic field. 
The cell had an antirelaxation paraffin coating of the walls and was kept at a temperature around 45 °C. To 
isolate the cell from the inhomogeneous laboratory magnetic field it was placed inside a three-layer μ-metal shield. 
A special solenoid located inside the inner part of the magnetic shield was used for the creation of the highly 
homogeneous longitudinal deterministic magnetic field B collinear with the propagation direction of the laser light. 
Also, a pair of small Helmholtz coils was placed inside the solenoid in order to produce the rf magnetic field rfB  
orthogonal to B. The orthogonality of the light polarization to the offset field B  insures the maximum of the 
magneto-sensitive signal at 2 .rfω  
The signal generator Agilent 81150a was used to drive the rf coils with harmonic signal at a double Larmor 
frequency.  
The transmission of the linearly polarized light through the cell was detected by a photodiode and analyzed by 
the rf spectrum analyzer Agilent E4405B. 
In this case of the harmonic rf field magneto-sensitive resonance has a shape shown in Fig. 3. 
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3. Summary 
Theoretical research is in good agreement with experimental results. Both theoretical and experimental studies 
show that in scheme with the linearly polarized laser light and 1gF =  quadratic Zeeman effect leads to appearance 
of two additional side peaks in the structure of second harmonic signal of double radio-optical resonance. However, 
for small magnetic fields the magnetic resonance consists of a solitary line, while for magnetic fields greater than 50 
ȝT the line acquires two additional side-peaks without breaking its symmetry and changing position of resonance 
center. Therefore the described scheme can be used in magnetometry.  
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